Abstract. We previously isolated several clones that were closely-related genetically from a human colorectal tumor (HCT116) cell line. These clones displayed significantly different X-radiation response phenotypes. In this paper, we investigated how a single dose of X-radiation modulated the transcriptomic profiles of either the radiation-resistant (HCT116 Clone2_XRR ) or the radiation-sensitive (HCT116 CloneK_XRS ) clone when each was compared to a reference clone, HCT116
Introduction
Radiotherapy remains a major modality for treating cancer and approximately half of all cancer patients currently receive radiation at some point during their treatment (1) . Because of its potential clinical relevance, the biological basis for the expression of resistance, or conversely, sensitivity to X-radiation (XR) has been actively investigated for several decades. Although it is now generally accepted that cellular responses to XR stress include sensing, signaling and repairing DNA damage (2, 3) , both the genetic basis as well as the molecular mechanisms of cellular response to XR are generally still not well characterized.
More recent efforts to examine the genetic basis of cellular resistance or sensitivity to XR have employed high throughput, genome-wide screening using cDNA or oligonucleotide microarrays (4) (5) (6) (7) (8) . However, except for Kitahara et al (6) , the number of genes screened (e.g. 558 and 1176 genes) (4, 5, 7) was usually too small to allow a meaningful global analysis of genetic response following XR. In addition, the well-documented heterogeneity often present in tumor cells/tissues in vivo is another factor that can affect the unequivocal identification of an XR-resistant or -sensitive genetic signature(s) from these studies.
In order to possibly address some of the previously stated deficiencies, we employed a cDNA microarray that contained a large number of genes/ESTs (i.e. 19,200, covering approximately one-third of all human genes). We compared the in vitro transcriptomic profiles of clones derived from a human colorectal tumor cell line that differed significantly in their XR-response phenotypes (9) following treatment with XR. We believe that such an approach would enhance the probability of deciphering the genetic signatures, if any, that were specifically associated with either XR-resistance or -sensitivity. This is because the genetic composition of our closely-related clones would be largely similar (or at least considerably less variable than that in genetically unrelated radiation-resistant or radiationsensitive cell lines). Our approach would be especially relevant if the differences in genetic expression between the radiationresistant and -sensitive cells involve only a relatively small number of genes that would otherwise be very difficult to identify from a background of high genetic variation (most of which are unrelated to the expression of the radiationresponse phenotypes).
Current knowledge suggests that activation and/or inhibition of several genes/pathways occur even in the acute (i.e. early) period following irradiation. The latter likely precedes the more apparent cellular effects (e.g. necrosis, apoptosis), associated with DNA damage, which are observed several hours or days later following XR (1) . Therefore, in this study, we examined the global patterns of gene expression occurring up to 24 h following treatment with a single dose of 4 Gy XR in both the XR-resistant (HCT116 Clone2_XRR ) or XR-sensitive (HCT116 CloneK_XRS ) cells for genetic signatures that could be potentially associated with the manifestation of subsequent XR-resistance or -sensitivity in these cells.
Materials and methods

Isolation of HCT116 clones with different XR response phenotypes. HCT116
Clone2_XRR , HCT116 CloneK_XRS and HCT116 Clone10_control were all isolated at the same time (9) . HCT116 Clone2_XRR and HCT116 CloneK_XRS were subsequently characterized as an XR-resistant and XR-sensitive clone (relative to the parental HCT116 cell line), respectively. By contrast, HCT116
Clone10_control displayed a similar XRresponse phenotype as the parental HCT116 cells (9) .
HCT116
Clone10_control was, therefore, used as the reference (control) cell line for our microarray analysis.
XR treatment. Cells were seeded into a 25-cm 2 flask on day 0 and used for experimentation on day 3 such that, at the time of irradiation, they were in the exponential phase of growth (9) . We carefully controlled growth conditions (temperature, pH, nutrient availability) to minimize variations in genetic expression that were unrelated to treatment effects. Cells were treated with a single dose of 4 Gy of XR at room temperature and returned to the incubator at 37˚C until they were harvested for RNA extraction. A 250-kVp X-ray unit (Pantak, CT, USA) was used at a dose-rate of 150 cGy/min. RNA was collected for DNA microarray analysis either before or at 10 min, 6 h or 24 h following the 4-Gy dose.
cDNA microarray First-strand cDNA synthesis, labeling, and hybridization. To cover a significant number of genes that are expressed by human cells, we used a commercial human 19,200 cDNA microarray from the University Health Network, Ontario Cancer Institute, Toronto, Canada (http://www.microarray.ca). The microarray slides consisted of spotted PCR amplified ESTs representing both known and unknown genes. We employed dual channel microarray analysis, which involved conjugating two different fluorescent dyes, namely Cyanine-3 (Cy3) and Cyanine-5 (Cy5), to the first-strand cDNA of either the reference (HCT116 Clone10_control ) or treated (HCT116 Clone2_XRR or HCT116 CloneK_XRS ) cells. Thus the genomic profiles of the two clones of interest (radioresistant HCT116 Clone2_XRR or radiosensitive HCT116 CloneK_XRS ) were individually compared against the reference clone (HCT116 Clone10_control ) to evaluate any differences in genetic expression after irradiation.
To create the first cDNA strand, we used RNA that was pooled from at least three different batches of cells. We used indirect labeling with the fluorochromes. Hybridization of labeled cDNA for each time point was repeated three or four times with dye swaps on one of them. Overall, we have followed the Minimum Information About a Microarray Experiment (MIAME) protocol (10) that has been developed by the Microarray Gene Expression Data society [http://www. mged.org/miame].
Data acquisition and processing. Slides were scanned using a ScanArray 5000 confocal scanner (Packard BioScience, Meriden CT, USA) with excitation/emission wavelengths of 543/570 nm for Cy3 or 633/670 nm for Cy5, at 10-μm resolution. Image files were quantified with QuantArray v3.0 (Packard BioScience) using an adaptive spot finding method to generate spot intensities from mean pixel values. Poor quality spots were flagged manually by the user and recorded in the output file to be used as an 'ignore spot' filter. The tab delimited text data files produced were subsequently preprocessed using macros in Microsoft Excel 2000 (Microsoft Corporation, Redmond, WA).
Each data file contained intensity data for 19200 features measured in two channels, Ch1 and Ch2. Ch1 data represented intensity measurements from the control (HCT116 Clone10_control ) sample and Ch2 data represented intensity measurements from the experimental (either HCT116 Clone2_XRR or HCT116 CloneK_XRS ) sample. Median subarray background values were calculated for each channel and subtracted from the respective intensity values. Spots flagged by the user during quantification (the 'ignore' filter) and spots failing to meet the following criteria: intensity >2.5-fold background and intensity >5th-and <98th-percentile of all intensities for each channel, were filtered out and not used in the computation of normalization correction factors. Corrected intensity data were expressed as logarithmic values (base 2) and corrected for dye bias (normalised) using a linear-regression correction applied to the Ch2 intensities for all the spots in each subarray. This correction yielded a Ch2 versus Ch1 scatter plot with a linear regression best-fit line having slope 1 and intercept 0. Log 2 ratios representing expression values for experimental (HCT116 Clone2_XRR or HCT116 CloneK_XRS ) versus control (HCT116 Clone10_control ) samples were then calculated and data was analysed in Excel to select for spots with a mean log 2 ratio of ≥0.9 for which all three or four replicates were present.
Statistical testing. cDNA microarray analysis was performed at least in triplicate for each time point (unirradiated, 10 min, 6 h, and 24 h after XR). We evaluated the means of the normalized data representing the differential genetic expression between unirradiated or irradiated HCT116 Clone2_XRR or HCT116 CloneK_XRS versus unirradiated HCT116 Clone10_control . We used the paired t-test to determine genes that were statistically different from each other at p<0.05. Cluster analysis was performed using Genesis (11) .
Data deposition. All microarray data have been deposited at the Gene Expression Omnibus (GEO) database [www. Table I . Genes/ESTs differentially modulated following 4-Gy X-radiation. Table I . Continued. 
Values are normalized against unirradiated (nX) HCT116 CloneK_XRS or unirradiated (nX) HCT116 Clone2_XRR . XK refers to irradiated HCT116 CloneK_XRS whereas X2 refers to irradiated HCT116 Clone2_XRR . Average values were obtained from either three or four independent experiments. M10, 10 min; H6, 6 h; H24, 24 h; X, not modulated; D, down-regulated; U, up-regulated; C, either down-regulation followed by up-regulation or vice versa. Values underlined are -0.9 < Log 2 ratio or Log 2 ratio > 0.9.
-- --------------------------------------------------------------------------------------------------- ncbi.nlm.nih.gov/geo/], under the following accession numbers: GSM7801-GSM7818, GSM7833, GSM7849-GSM7853, GSM12607-GSM12622, GPL350-GPL351, GPL353-GPL354, GPL567, GSE522-GSE526, and GSE797-GSE801.
Western blot analysis. Cells were lysed by sonication for 15 sec at 4˚C in RIPA buffer (1X PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) containing protease inhibitors (1.5 μg/ml chymotrypsin, 0.8 μg/ml thermolysin, 1.0 mg/ml papain, 1.5 μg/ml pronase, 1.5 μg/ml pancreatic extract, 0.002 μg/ml trypsin). The protease inhibitors were purchased from Roche Applied Science. Proteins present in the cell lysates were resolved by SDS-polyacrylamide gel electrophoresis using a 10% gel (100 μg/lane) and electrotransferred to nitrocellulose membrane Hybond-C+ (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Hybridization with mouse monoclonal anti-p53 antibody (Ab-6) (Invitrogen Canada Inc, ON), anti-HSP27, anti-HSP70, anti-HSP90 (Stressgen Biotech. Corp., BC), anti-Ku (Ab-4) (Lab Vision Corp., CA), anti-RAD51 (EMD Biosciences, Inc., CA), anti-PARP (EMD Biosciences, Inc., CA), or anti-tubulin (EMD Biosciences, Inc., CA) was followed by immunodetection with ECL-Plus Western blot detection kit (Amersham Pharmacia Biotech).
Results
From the microarray analysis, we found that the logarithmic to base 2 (i.e. log 2 ) of the intensity ratio between HCT116 Clone2_XRR or HCT116
CloneK_XRS and HCT116 Clone10_control for all 19200 genes/ESTs showed a logarithmic-normal distribution (data not shown). This provided us with the statistical basis to do paired t-test analysis. To facilitate comparison of the differences in gene expression, we further normalized our data by subtracting the mean value of the unirradiated control cells from the mean value at each time point (i.e. this gave the unirradiated control cells a mean value of zero for each gene as this group had been subtracted from itself). Table I shows the resulting normalized values of these genes/ESTs. Out of 19,200 genes/ESTs that were interrogated, we found only 120 that were differentially modulated/expressed in at least one of the four time points (i.e. either before or 10 min, 6 h, or 24 h following XR treatment). The majority (83 genes or 69%) of the 120 genes identified were unknown EST or hypothetical genes. Note, for these genes to be assessed as differentially modulated, they had to satisfy two criteria: a) p<0.05 (by paired t-test), and b) at least two-third of the replicates at each time point had unnormalized values that were either >2 +0.9 (i.e., up-regulated) or <2 -0.9 (i.e., downregulated). Table II shows an overall summary of the numbers of genes/ESTs that were identified as differentially modulated from Table I . Very few (19 genes or 16%) were modulated at all time points in both HCT116
CloneK_XRS and HCT116 Clone2_XRR cells (Table II; denoted by no X in the last two columns of Table I ). Similarly, very few (15 genes or 12%) were not modulated at any time point in both HCT116 CloneK_XRS and HCT116 Clone2_XRR cells (Table II; denoted by an X in both of the last two columns of Table I ). There were, however, 52 genes (43%) that were modulated in HCT116 CloneK_XRS and 72 genes (60%) that were modulated in HCT116 Clone2_XRR cells. Of the 52 genes from HCT116 CloneK_XRS cells, 73% were downregulated whereas there were almost equal numbers of downregulated versus up-regulated genes in HCT116 Clone2_XRR (Table II) . Thus our results have also identified relatively more down-regulated genes in the radiation-sensitive cells than in the radiation-resistant cells as a result of XR treatment.
Five genes demonstrated complex modulation (either down-followed by up-regulation, or vice versa) following XR treatment in HCT116 Clone2_XRR cells whereas there were no such complex modulated genes in HCT116 CloneK_XRS cells. In general, fold changes of gene modulation were small, between 2-and 3-fold, with the exception of 7 genes that at certain time points were regulated >4-fold (Table I) . These genes (with GenBank accession numbers) were SDC4 (AA002237) of HCT116 Clone2_XRR at 10 min (log 2 ratio = -2.26), ALDH2 (AA012947) of HCT116 CloneK_XRS at 10 min (log 2 ratio = -2.20), unknown EST (AA203190) of HCT116 CloneK_XRS at 10 min (log 2 ratio = -2.24), ZNF35 (H27140) of HCT116 Clone2_XRR at 6 h (log 2 ratio = 2.33), unknown EST (T87942) of HCT116 Clone2_XRR at 10 min (log 2 ratio = -2.14), SNX18 (W07163) of HCT116
Clone2_XRR at 6 h (log 2 ratio = -2.27), and EDN3 (W60669) of HCT116 Clone2_XRR at 10 min Table II . Summary of genes that were differentially modulated from Table I . -21  12  0  23  28  2  3  10  6  64%  36%  0%  43%  53%  4%  16%  53%  31%   Sum  33  53  15  19  28%  44%  12%  16%  - ---------------------------------------------------------------------------------------------------- Total number of regulated genes in CLK is 33+19=52 whereas that for CL2 is 53+19=72. Non-CLK+CL2 or CLK+CL2: not regulated or regulated in both cell clones. CLK, regulated only in HCT116 CloneK_XRS ; CL2, regulated only in HCT116 Clone2_XRR ; Non-, not regulated in both CLK and CL2; CLK+CL2, regulated in both CLK and CL2; D, down-regulated; U, up-regulated; C, either down-regulation followed by upregulation or vice versa; and X, not regulated. Figure 1 . A hierarchical cluster analysis of 120 genes that were identified as differentially expressed (according to criteria described in the text) at one of the four time points after treatment with 4-Gy XR. The analysis followed a method described by Sturn et al (11) . Normalized value of Log 2 ratio is given (see text for explanation of how ratio is calculated). Colored bar scale is set from green to red representing down-regulation (-2 > Log 2 ratio) to up-regulation (Log 2 ratio < +2). Genes marked with a yellow rectangle are those that clustered together to give an expression pattern over the time course or at certain time points in HCT116
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CloneK_XRS and/or HCT116 Clone2_XRR cells.
(log 2 ratio = -2.08). Note, ratio refers to the ratio of the intensity between HCT116 Clone2_XRR or HCT116 CloneK_XRS and HCT116
Clone10_control from the microarray analysis. Also, the negative sign in the log 2 value refers to down-regulation whereas a positive sign refers to up-regulation relative to the control HCT116 Clone10_control . Fig. 1 depicts the patterns of gene expression after 4-Gy XR treatment following hierarchical clustering analysis. It suggests that different patterns of gene modulation were observed in HCT116 Clone2_XRR versus HCT116 CloneK_XRS cells after XR. Further analysis of these results suggested that there were more clusters of genes being consistently up-or down-regulated up to 24 h post-irradiation in HCT116 CloneK_XRS than in HCT116
Clone2_XRR . In the latter cells, there was a more complex pattern of gene expression (i.e. relatively fewer genes that were consistently up-or down-regulated along the time course). The results also suggest that there was earlier modulation of a larger number of genes in the radiosensitive than in the radioresistant cells. Specifically, there were approximately twice as many genes that responded as early as 10 min after XR treatment in HCT116 CloneK_XRS cells (59%) than in HCT116 Clone2_XRR cells (33%) ( Fig. 2A and B) . Also, there were more genes that, once modulated (e.g. as early as 10 min), stayed modulated for the rest of the time course in the radiosensitive than in the radioresistant cells ( Fig. 2A  and B) .
Of 51 genes (55%) of HCT116 CloneK_XRS cells, 28 were differentially modulated at all time points (i.e., these genes responded as early as 10 min following XR treatment and did not undergo further changes in expression over the time course) (Fig. 2A) . By contrast, only 5 out of 70 genes (7%) were differentially modulated at all time points in HCT116 Clone2_XRR (Fig. 2B) . On the other hand, 15 genes (29%) were differentially modulated at only one of the time points in HCT116 CloneK_XRS ; the specific numbers were 2 genes at 10 min, 10 genes at 6 h, and 3 genes at 24 h. For HCT116 Clone2_XRR , 53 genes (76%) were differentially modulated at one of the time points and the corresponding numbers were 18 genes at 10 min, 15 genes at 6 h, and 20 genes at 24 h.
Thus our results suggest that the radiosensitive phenotype may be associated with more consistent patterns of early gene expression than the radioresistant phenotype which may be associated with the continued expression of different genes along the time course.
A generally similar pattern was observed with real-time PCR (RT-PCR) of selected ESTs and known genes of both clones, HCT116
CloneK_XRS and HCT116 Clone2_XRR . Out of 14 genes and unknown ESTs tested in a time course of both clones following 4-Gy XR, four were affected at all time points. They were unknown EST (H86277) in HCT116 Clone2_XRR , unknown EST (N42890) in HCT116 CloneK_XRS , APM2 in both HCT116
CloneK_XRS and HCT116 Clone2_XRR , and BRCA1 in HCT116 Clone2_XRR cells. Five (in HCT116 CloneK_XRS ) or six (in HCT116 Clone2_XRR ) genes and unknown ESTs (35.7% or 42.9%, respectively) responded as early as 10 min after XR treatment in HCT116
CloneK_XRS or HCT116 Clone2_XRR cells. In addition, the fold changes by RT-PCR of differentially expressed genes after XR were also generally not large (i.e. <3-or 4-fold) except in the case of APM2. Therefore, our RT-PCR data agreed with the cDNA microarray in suggesting that only relatively small changes of gene expression had taken place up to 24 h following XR treatment.
Our results suggest that the majority of genes important for DNA damage sensor/repair, cell cycle, and apoptosis were not modulated up to 24 h after XR treatment at 4 Gy. In fact, most of the genes listed in Table I , except for FOXO1A (AA019811), APC7 (N77334), HSPA2 (R12701), and GAS7 (R87411), are not known to be involved in DNA damage sensor/repair, cell cycle, and apoptosis. Out of 79 genes (from the 19200 that were interrogated) usually categorized as DNA damage sensor/repair and cell cycle related genes, none were modulated in HCT116 CloneK_XRS cells. By contrast, 10 of these 79 genes (12.7%) were modulated in HCT116
Clone2_XRR cells up to 24 h after XR treatment. These 10 genes and their Log 2 ratios are shown in Table III .
Furthermore, out of 76 genes (from 19200 examined) that are categorized as apoptosis related genes, only 2 (2.6%) and 7 (9.2%) were regulated in HCT116 CloneK_XRS and 
Values are normalized as in Table I and symbols mean the same as in Table I. - ---------------------------------------------------------------------------------------------------- 
HCT116
Clone2_XRR cells, respectively, up to 24 hours after XR treatment (Table III) . There were no common genes that were modulated in both radiosensitive and radioresistant cells.
As additional control, we also evaluated 40 housekeeping genes from our cDNA microarray data. Of these 2 (5%) and 4 (10%) were regulated in HCT116
CloneK_XRS and HCT116 Clone2_XRR cells, respectively, up to 24 h after XR treatment (Table III) . There were no common genes that were regulated in both radiosensitive and radioresistant cells.
Discussion
We expected to detect differential modulation of known pathways of DNA damage sensor/repair, cell cycle, or apoptosis after XR treatment between our radiation-resistant and -sensitive cells that could possibly account for their radiation response phenotypes. This was because these radiationresistant or -sensitive clones were closely related genetically but differed only in their XR-resistance or -sensitivity (9). However, our cDNA microarray results have demonstrated that at least up to 24 h after XR treatment with an acute dose of 4 Gy, which would have killed more than 50% of the cells in all the 3 clones used in our studies (9) , there was no significant up-regulation or down-regulation of the majority of known DNA damage sensor/repair, cell cycle, and or apoptosis related genes in either clone when each was individually compared to the control clone with the same radiation response as the parental HCT116 cells. Instead, our results suggested potentially novel genes, or even new pathways, that may or may not interact with the known DNA damage response routes (detection, repair, cell cycle, apoptosis) that can putatively lead to sensitivity or resistance to XR (1) . Several studies have attempted to address the genetic basis of radiation response, either in cell lines or tumor biopsies, using cDNA microarray as high throughput screening (4) (5) (6) (7) (8) 12 ). These studies have provided candidates of radiation-responsive molecules. One such example, as reported by Guo et al (4) , was MnSOD, which was associated with mediating cellular radioresistance. Although we did not observe any modulation of SOD1 (N28535) in our DNA chips, their data agreed with ours, from the point of view that both our studies did not identify known DNA damage sensor/repair, cell cycle, and/ or apoptosis related genes as being significantly regulated following XR. With respect to DNA double-strand breaks that were produced by X-radiation, none of the genes involved in non-homologous end joining repair mechanism, i.e. ATM, Ku70, Ku80, XRCC4, DNA Ligase IV, and DNA-PKcs, were significantly modulated. In fact, when Leong et al (13) analyzed lymphoblastoid cell samples from 36 radiationsensitive individuals according to well-defined radiation response grading (RTOG grades 3 and 4), none of those proteins were abnormal, suggesting that their genetic expression was not changed following XR treatment. Again, this clinical report supports our cDNA microarray data in that radiation response within 24 h after XR treatment may involve different sets of genes responding before the known DNA damage sensor/repair, cell cycle, and or apoptosis related genes.
Because it is well known that effector molecules involved in DNA damage response (e.g. repair, apoptosis) are involved at the late stages following radiation treatment, our results suggest that genome-wide screening with cDNA microarray especially at early time points (<24 h) post-irradiation is not suitable for assessing the differential expression of these molecule(s). We have evidence that at least one of the known effector molecules of DNA damage was functional in our studies. Specifically, we found a post-translational translocation of cytoplasmic TP53 into the nucleus (data not shown), regardless of the XR response status of our cells (all our clones have wt TP53 status). The TP53 protein level peaked at 6 h after XR treatment at either 4 Gy or 10 Gy (Fig. 3) , and complete translocation was achieved within 24 h following the treatment with the higher dose. We also have evidence that probably as a consequence of the post-translational XR response of TP53, known molecules that are important for DNA damage sensor/repair or apoptosis such as PARP and RAD-51 were also modulated (Fig. 3) , and that the latter seemed to be dependent on the presence of TP53 (14, 15) .
Our results show that 4-Gy XR, in the early period (<24 h) after irradiation, acts mostly to suppress genetic expression rather than inducing it in the radiosensitive phenotype of 
HCT116
CloneK_XRS cells. The significance of this observation is presently unknown. Our results also suggest that our radiosensitive cells show earlier modulation of a larger number of genes compared to the radioresistant phenotype. Whether the number of genes responding early to XR treatment is in fact correlated with the radiation response of these or other types of cells warrants further studies. By contrast, many more different genes responded at different time points after XR in the resistant cells relative to the sensitive cells. This suggests that radioresistance of HCT116 Clone2_XRR cells was gained through continued activation of different genes over the time course. Thus these genes could possibly be used as XR response marker at certain time points following the treatment. Additionally, since the fold changes of differentially expressed genes after XR were not large, our results suggest that only small fold changes (2-to 4-fold) were needed to activate an XR-response that led to subsequent radiosensitivity or radioresistance in our model.
Finally, because XR treatments are usually delivered clinically as fractionated daily doses of 2 Gy, it is possible that our present results (with a single dose of 4 Gy) may reflect the very early cellular response to radiotherapy. Our findings further strengthen the possibility of clinical radiosensitivity being a complex trait, possibly involving novel or new pathways in addition to the well-documented pathways (1).
In conclusion, the radiation response of our model system (HCT116 clones) up to 24 h following XR does not involve substantial mobilization of known DNA damage response pathways. Instead, it appears to involve novel or unestablished cellular response pathways. Our findings might further support clinical radiosensitivity or radioresistance as a complex trait.
